Abstract In recent years, temporary skin grafts (TSG) based on natural biopolymers modified with carbon nanostructures have received considerable attention for wound healing. Developments are required to improve physico-mechanical properties of these materials to match to natural skins. Additionally, in-deep pre-clinical examinations are necessary to ensure biological performance and toxicity effect in vivo. In the present work, we show superior acute-wound healing effect of graphene oxide nanosheets embedded in ultrafine biopolymer fibers (60 nm) on adult male rats. Nano-fibrous chitosan-based skin grafts crosslinked by Genepin with physico-mechanical properties close to natural skins were prepared by electrospinning of highly concentrated chitosanpolyvinylpyrrolidone solutions containing graphene oxide (GO) nanosheets. No surfactants and organic solvents were utilized to ensure high biocompatibility of the fibrous structure. In vitro evaluations by human skin fibroblast cells including live and dead assay and MTT results show that GO promote cell viability of porous nanofibrous membrane while providing enhanced bactericidal capacity. In vivo studies on rat's skin determine accelerated healing effect, i.e. a large open wound (1.5 × 1.5 cm 2 ) is fully regenerated after 14-day of post operation while healing is observed for sterile gauze sponge (as the control). Pathological studies support thick dermis formation and complete epithelialization in the presence of 1.5 wt% GO nanosheets. Over 99% wound healing occurs after 21 days for the injury covered with TSG containing 1.5 wt% GO while this would takes weeks for the control. Therefore, the developed materials have a high potential to be used as TSG as pre-clinical testing has shown.
Introduction
Skin is the largest organ of body providing a protective barrier against microbial, mechanical, chemical, and thermal damage. The ultimate goal of skin tissue engineering is to develop an ideal scaffold possessing excellent biocompatibility, controllable biodegradability, and suitable mechanical properties for regenerating damaged skin caused by trauma, burns, or diseases with full recovery of its biological functions [1] . Mimicking the architecture of native extracellular matrix (ECM) is one of the key challenges in skin tissue engineering. Wound management requires dressing materials and techniques that address the specific needs and goals of a rehabilitation program. Acute wounds, which are smaller than a critical size, heal completely within 8-12 weeks with minimal scarring, whereas chronic wounds persist beyond 12 weeks, with the possibility of reoccurrence [2] . The principle function of wound dressings is to facilitate rapid healing at a reasonable cost with minimal inconvenience to the patients [3, 4] . Ideal dressings should absorb excess of wound exudates, protect the wound from secondary infections, provide a moist environment around the wound with effective oxygen and water vapor permeability, and promote the healing process by providing a support for enhancement and maintenance of regenerative microenvironment in wound bed [2, 4] . The most important features for burn wounds are prevention from wound infection and fluid loss. Many kinds of wound dressing materials are available in the market that can be mainly classified in biological and synthetic substitutes [4] . Naturally-derived skin substitutes have native ECM structures with excellent re-epithelialization characteristics. Synthetic materials can also be prepared to mimic the native ECM structure on demand and modulated for specific purposes [4] . The ultimate objective is to prepare regenerative materials that provide a good healing of the skin with cosmetically acceptable features (i.e. scar-free wound healing) while preventing microbial invasion.
Nanofibers produced by the electrospinning process, as a simple, versatile, and efficient technique, have gained considerable attention as a potential scaffold for tissue engineering and wound dressing applications [1] . Electrospun nanofibrous scaffolds offer many advantages over other types of scaffolds because of their innate properties, i.e. high surface area to volume ratio, tunable mechanical properties, high porosity and permeability, and most importantly, resemblance to the native topographical features of ECM which promote cell adhesion, migration and proliferation [5] . Synthetic and natural fibrous membranes out of polyvinyl alcohol (PVA), polylactic acid (PLA), polyvinylpyrrolidone (PVP), collagen, cellulose, alginate, gelatin and chitosan have been examined for the skin repair [4] . Despite good mechanical properties, synthetic polymers are typically hydrophobic and lack cell recognition sites for cell support. Although natural polymers exhibit better biocompatibility and biodegradability compared with synthetic polymers, they lose their mechanical properties very quickly during degradation [6] . Therefore, hybrid fibrous scaffolds compromising the favorable biological properties of natural polymers and the mechanical strength of synthetic polymers have provided a significant advancement in skin tissue engineering [7] . Among various natural polymers, chitosan (CS), a partially N-deacetylated derivative of chitin, has attracted significant interest for wound healing applications [8] . Its promising biological properties such as biodegradability, biocompatibility and intrinsic antibacterial activity [7] as well as chemical structure similarity to glycosaminoglycan in the ECM and hemostatic activity provide a promising platform for skin substitutes [9] . Through blending and conjugation with various synthetic polymers, for example polyethylene oxide (PEO), polyglycolic acid (PGA), polycaprolactone (PCL), PVA, PLA, and PVP, hybrid chitosan-based fibrous membranes have been prepared with improved hydrophilicity and mechanical performance in aqueous environment [8] . The synthetic polymers not only enhance the biological performance of CS but also facilitate its electrospinning. Due to high viscosity of chitosan solutions, nonionic surfactants and cosolvents should be utilized to prepare uniform and long chitosan fibers that may not favor biological applications [10] . Biocompatible polymers which decrease the viscosity of CS are attractive substitutes. For instance, PVP with good physiological compatibility, high hydrophilicity, good cell adhesion properties, and low cytotoxicity can be utilized to improve spinnability of chitosan [10] . Nevertheless, large amounts of synthetic polymers are required to attain continuous and defect-free nanofibrous membranes [10] . Additionally, it is difficult to achieve nanoscale fiber diameters with an aim to gain benefits of high surface to volume ratios which modulate permeability and strength as well as cell adhesion and proliferation.
Graphene nanostructures have recently achieved everincreasing interests for biomedical applications in drugdelivery, cancer therapy, biological sensing and imaging, gene delivery, antimicrobial materials, and tissue engineering [11, 12] . In spite of carbon nanotubes, the twodimensional shape of graphene is negligibly harmful in mild concentration and thus the material is safe for biological purpose [13] . Graphene oxide (GO), which is a chemically functionalized derivative of graphene sheets with hydroxyl and epoxide groups on the basal plane and carboxyl groups at the edges, has shown better in vitro and in vivo biocompatibility over graphene sheets in different studies [13] . Additionally, surface-functionalization ability, aqueous process ability, amphiphilicity, chemical stability, durable mechanical properties, antibacterial potential, and fluorescence quenching ability have opened up a bright future for biological applications of GO [11, 13] . As a result, GO-polymer nanocomposites have risen as promising biomaterials for tissue engineering. The surface functional groups of GO provide a unique platform for interactions with polymers for obtaining strong interfacial bonding and molecular level dispersion of individual GO sheets in a polymer matrix. Recent studies have shown the effect of GO sheets on the physico-mechanical and biological performance of different biopolymers [14] . For instance, Ionita et al. [15] presented the beneficial effect of GO sheets (up to 3wt.%) on the compressive strength of freeze-dried gelatin/ PVA porous scaffolds; Mahmoudi et al. [6] prepared selforganized GO sheets in solvent-cast chitosan films and reported variations of hydrophilicity, thermal stability, mechanical durability and antimicrobial activity with the GO concentration; Murray et al. [16] utilized ring-opening polymerization of ε-caprolactone in the presence of dispersed GO nanosheets under microwave irradiation to prepare polymer-functionalized nanosheets with enhanced processability in organic polymers and solvents; Ye et al. [17] performed exfoliation and in situ reduction of GO sheets in the presence of cellulous nanocrystals and prepared polyethylene oxide based nanocomposite with superior mechanical durability. Due to the advantages of nanofibrous structures for biomedical applications, particularly for the skin regeneration and wound healing, electrospinning of GO-polymer composites has also notified recently. Wang et al. [18] studied electrospinning of GO/PVA fibers. They studied the effect of electrospinning parameters on the fibers morphology and size. Jin et al. [19] prepared a polymer corereduced graphene oxide shell nanofiber mat by direct heat driven self-assembly of GO sheets onto the surface of electrospun polymeric nanofibers. Attachment and proliferation of hMSCs on the mats were shown. Liu et al. [20] synthesized PVA/CS/GO electrospun fibers as a promising candidate for antibacterial biomedical applications; Lu et al. [21] prepared CS/PVA nanofibers containing graphene which can be used as wound dressing materials; Azarnia et al. [22] utilized the response surface methodology to attain uniform and long GO-chitosan-bacterial cellulous nanofibers with mechanical strength close to natural skin. Faria et al. [23] prepared PLGA-CS mats modified with GO-Ag by a simple chemical reaction between the functional groups nanostructures and the polymer matrix and showed the bactericidal capacity of the membranes. Results of different studies [15, 22, 24] have shown that GO nanosheets increase the strength of polymer matrixes without adverse effect on the cytocompatibility. In vivo evaluations determined that wound healing by nanofibrous composite membranes containing graphene is performed in a faster rate as compared with pristine polymers both in mice and rabbit [21] . Improved antimicrobial performance of the nanocomposite fibers has also been notified and related to the effect of GO on the prokaryotic cell multiplication.
Although GO-modified chitosan fibrous mats have been prepared and utilized as potential skin grafts in recent studies, for example [20] , more research is still required to lend these novel class of biopolymer nanocomposites for tissue engineering applications. The areas that should be addressed include: (a) rapid degradation of the mats in physiological solutions, (b) poor mechanical durability and unsuitable permeability relative to the natural skin, and (c) pre-clinical testing of the materials to ensure biological performance and toxicity effect in vivo. As shown recently [25] , uniform, long and ultrathin CS-PVP nanofibers (about 60 nm) can be prepared by electrospinning of highlyconcentrated polymer solution modified with chemicallyexfoliated GO nanosheets (with few layers and lateral dimensions of few microns). While no surfactants and organic solvents are utilized, the viscosity and conductivity are tailored by the GO nanosheets to attain strong nanofibers with controlled pore structure that have permeability and mechanical durability close to the natural skin. In order to suppress biodegrading/swelling of the natural biopolymer in physiological condition, chemical vapor modifications of the functional groups are performed. These advancements in current fabrication of GO-modified biopolymers have provided a porous template with fiber diameters in the range of natural ECM structure having high stability and mechanical durability (close to the natural skin). The pore structure, water vapor permeability and hydrophilicity of nanocomposite membranes also suggest potential application of the materials for wound healing substitutes. To demonstrate the capacity of the developed TSG, in vitro and in vivo studies by employing adult human dermal fibroblast cells (HDF) and adult male Sprague Dawley rats are presented in this paper. In-vitro evaluations including MTT, cell attachment, and live/dead assays show that the nanofibrous membranes are potentially promising candidate as the wound repair materials without toxic effects while providing a good platform for cell modulation. Through healing of excisional cutting wounds created on the back of the rats, it is shown that GO nanosheets promote the healing process in-vivo. Histological assay demonstrates complete dermis formation and epithelialization. The animal examinations may pursue the potential applications of the carbon nanomaterials for practical usage of TSG in clinical trials.
Materials and methods

Materials
Chitosan (M w = 190-310 kDa, DD~85%), PVP (K-40, M w = 40 kDa), PEO (M w = 900 kDa) and Genipin were supplied by Sigma-Aldrich Co (USA). Graphite powder was purchased from CHEER Carbone Materials (China). In order to prepare GO nanosheets, a modified Hummers method [26] was utilized. All reagents used were purchased from Merck Co. (Germany) with analytical grades. Briefly, 50 ml of H 2 SO 4 was added to 2 g graphite in an ice-water bath. Then, 6 g potassium permanganate (KMnO 4 ) was added slowly to the above mixture and stirred continuously for 2 h at 35°C. Then, it was cooled in an ice bath and, subsequently, diluted with 350 ml of deionized (DI) water. H 2 O 2 (30%) was added to reduce the residual permanganate to soluble manganese ions. The resulting GO solution was washed several times with hydrochloric acid and distilled water using a centrifuge to obtain a brownish graphite oxide powder.
Fabrication of GO-modified skin grafts
Chitosan (3% w/v) and PVP (5% w/v) solutions were prepared separately by dissolving the polymers in acetic acid (90%) and distilled water, respectively. The solutions were then mixed at a ratio of 80:20 under magnetic stirring for 24 h at room temperature to attain a homogeneous blend. In order to decrease the solution viscosity and attain long and uniform nanofibers, an aqueous PEO solution (5% w/v) was prepared and added to the mixture. The prepared GO nanosheets were dispersed in distilled water (5 g/l) and sonicated (WiseClean WUC-D10H, Deutschland) overnight to yield a uniform suspension. Different amounts of the GO suspension (up to 2%) were added to the polymer blend and stirred vigorously for 24 h before electrospinning. Nanofibrous membranes were fabricated by employing a single jet electrospinning apparatus (Model HVPS-35/500, ANSTCO, Iran). The polymeric and composite blends were fed into a horizontally aligned syringe with a needle orifice of 0.55 mm in inner diameter. The syringe tip was positioned at 13 cm from the collector and the electrospinning voltage was applied at 24 kV. Electrospinning was carried out with a constant feeding rate of 0.3 ml/h on a rotating drum (1250 rpm). Randomly oriented nanofibers were collected on an aluminum foil. After 10 h electrospinning, the thickness of the mats was about 50 µm. In order to increase the durability of as-spun nanofibrous membranes in physiological solutions, crosslinking with Genipin was performed. The amino groups of chitosan react with Genipin and form amide linkage and heterocyclic amine in Genipin crosslinked chitosan-based nanofibrous network [27] . An aqueous acetic acid solution of Genipin (1% w/v) was prepared and the membranes were subjected to the vapor of the aqueous solution in a desiccator overnight. After crosslinking, the mats were neutralized with NaOH, washed three times with DI water, and dried at 37°C for 24 h. UV irradiation for 60 min was afforded for in vitro and in vivo assays.
In vitro cell studies
MTT assay
Cell viability was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) provided by Sigma-Aldrich Co (USA). In the MTT assay, mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring of the substrate to yield purple formazan crystals. The electrospun membranes were cut into 1 cm 2 square and sterilized by UV irradiation for 60 min. Samples were then inserted into 24-well tissue culture plates and Dulbecco's modified Eagle's culture medium (DMEM, Sigma-Aldrich, USA) supplemented with 10% (w/w) fetal bovine serum (FBS, GIBCO, Scotland) was added into each sample before being incubated at 37°C overnight. Then, 2 × 10 4 human dermal fibroblast cells (HDF) (National Cell Bank, Iran Pasture Institute) were seeded on the specimens and incubated at 37°C in a humidified atmosphere with 5% CO 2 for 24, 48, and 72 h. After each time interval, MTT at a concentration of 5 mg/ml was added to each well and the cells were incubated for 4 h. Upon removal of the MTT solution, the formed formazan crystals were solubilized within isopropanol for 15 min. Absorbance at 570 nm was measured and reported separately for each well by an ELISA reader (BioTekmicroplate reader, USA). For each experiment, three replicates were used per group. The relative viability (%) normalized by the control group was then calculated based on the approached reported in [28] .
PrestoBlue assay
For this assay, samples were placed in 24-well polystyrene plates and seeded with fibroblast cells at the concentration of 5 × 10 3 cells per well. Cellular metabolic activity was measured using PrestoBlue® according to manufacturer protocol. PrestoBlue® reagent was taken up by viable cells and reduced to a fluorescing stain. The fluorescent intensity was used as a measure of cellular metabolic activity. The assay was performed on days 1, 3 and 5 and the fluorescent intensity was measured by using a BioTek UV/Vis Synergy 2 microplate reader. For each experiment, three replicates were used per group.
Cell attachment
The morphology of attached of cells on the surface of nanofibrous membranes was observed by scanning electron microscopy (FE-SEM, Philips Model XL30, Netherland). The cells were harvested on the electrospun mats and incubated in DMEM supplemented with 10% FBS at 37°C for 24 h. The specimens were then gently washed 3 times with PBS and subsequently fixed with 2.5% glutaraldehyde at 4°C for 4 h followed by dehydration through a series of graded ethanol solutions. Finally, the specimens were vacuum-dried and gold-coated for SEM study at 5 keV.
In vivo studies
Animal models
All in vivo experiments were approved by the ethical committee of Iran University of Medical Sciences and were in accordance with the guidelines of [29] and the Iranian Council for Use and Care of Animals. Twelve adult male Sprague Dawley rats weighing 220 ± 40 g were used for this study. All animals were housed separately in plastic cages with free access to water. They were kept in animal house for adaptation one week prior to surgery. The temperature of the animal house was 22 ± 2°C and the humidity was 50-60%. Day/night cycle was 12/12.
Surgery
To prepare rats for surgery operation, the animals (n = 12) were anesthetized and the shaved area were treated with 10% antiseptic povidone-iodine solution (Kim-Pa, Poviiodeks, 10% povidone-iodine). The surgery process is shown in Electronic Supporting Information (ESI) S1. Briefly, square wounds (1.5 × 1.5 cm 2 ) were removed from the skin on the dorsolateral flank through the panniculus carnosus layer. The nanofibrous mats (2 × 2 cm 2 ) containing different amounts of GO were applied on the wounds. Then, a plastic ring was put around the wound and fixed by stitch. For each time period (14 and 21 days), 6 rats were tested. Five rats were treated with nanofibrous wound dressing (0, 0.5, 1, 1.5, 2 wt. % GO) and one rat was left un-sutured and then dressed with a sterile gauze as a control. The wounds area was determined by image analyzing using Image J software (1.46r, USA). The decreased wound area was considered as a visual criterion of the wound healing improvement. The wound closure rate was calculated by the following formula using the average of three measurements in each time point: wound closure rate % ¼ primary wound area À wound area of sample primary wound area Â 100 ð1Þ
Histological evaluation
At each time interval, four animals were sacrificed by intraperitoneal injection of 100 mg/kg sodium thiopental. Full thickness of the skin was excised and fixed in 10% formaldehyde for histological evaluation. All specimens were stained with hematoxylin and eosin (H&E) for epithelialization, collagen formation and organization, skin appendage and total wound healing studies. No mortality because of infection and other complications occurred.
Statistical analysis
The experiments were performed in triple numbers per series and the results were expressed as mean ± standard deviation. The ANOVA test (One-way analysis of variance) with P < 0.05 as the level of significance was utilized for statistical analysis.
3 Results and discussion
Results
Characterization of nanofibrous membranes
The fibrous morphology of the prepared skin grafts are shown in Fig. 1 . A bead free fibrous structure were obtained by electrospinning chitosan-based polymer composite Fig. 1 Structure of fibrous skin grafts prepared by electrospinning. a CS-based fibers. b and c contain 1% and 2% GO nanosheets, respectively without GO (Fig. 1a) and with 1 and 2 wt% GO (Fig. 1b, c) . Main characteristics of the nanofibrous mats are shown in ESI S2. Smaller fibers with narrower size distribution were attained by introducing GO as they changed the conductivity and viscosity of the polymer solutions, thereby decreasing the size of the Tylor cone. SEM studies showed that the GO nanolayers warped around the fibers (Fig. 1b, c) . Evaluations of the total surface area and porosity level of the nanofibrous skin grafts also determined smaller pore sizes with higher specific surface area of the fibers when GO sheets were added (ESI S2). It was also found that the mechanical strength was improved and approached to the natural skin (5-12 MPa, [30] ). Details of the effect of GO concentration on the structure and mechanical durability of the fibrous structure can be found elsewhere [25] .
In vitro cell viability
MTT and PrestoBlue® assays were used to evaluate cytotoxicity of the nanofibrous TSG. Figure 2 shows the cell viability after culturing HDFs on the nanofibrous membranes containing different amounts of GO nanosheets. We have found that the viability of the cells is highly composition dependent. Up to 2 days of incubation, the membrane containing 1.5% GO shows the highest cell viability, but a slight decrease in the cytocompatibility is observed at longer times (Fig. 2a) . This degradation might be attributed to the gradual release of acetic acid from the electrospun mats [31] . The MTT assay also indicates that the presence of GO nanosheets provides high biocompatibility of the nanofibrous grafts. Similar results were attained by the PrestoBlue® assay. As shown in Fig. 2b , c, more live cells were seen on nanofibrous membranes contain GO nanosheets. The viability increased from 80% for the pristine chitosan-based nanofibers to 99% for the fibers containing 1.5%GO. Although the amount of live cells was slightly degraded for the nanocomposite fibers containing 2% GO, the viability was over 90%, indicating non-toxicity for implantation tests. The in vitro studies thus determine the potential of the GO-containing grafts to support the attachment, proliferation and growth of the cells [32, 33] . incubation on chitosan-based nanofibers without GO addition and nanofibers containing 1.5 wt% and 2 wt% GO. For each experiment, three replicates were used per group. *Denotes significant difference between the control and the specimens (P < 0.05) Figure 3 shows representative SEM images of cells grown on the crosslinked nanofibers after 24 h cell culture. The cells were attached to the surfaces of the electrospun grafts and exhibited a normal morphology. It was found that more cells were adhered to the mats in the presence of GO nanosheets, which indicated good interactions of cells with the surrounding fibers. The presence of multiple filopodia extended from the cells to the substrate provides strong evidence that the cells were well adhered to the electrospun nanofibers due to the large surface area available for cell attachment. Additionally, the higher hydrophilicity of the nanofibrous membranes containing GO [6] provides better medium for cells to spread and attach.
Animal testing
Figures 4 and 5 show representative photographs of implanted TSG on rats after 14 and 21 days of surgery, respectively. The wound closure rate is shown in Fig. 6 . As seen, the wound area is smaller for TSG than the control specimen at different time intervals. This observation determines that the healing process of the injured skin occurs faster as compared with the control. Interestingly, GO nanosheets promote the healing process as the wound closure rate is significantly enhanced (Fig. 6) . Almost complete healing is achieved after 21 days of implantation with the 2% GO-graft. No scars were found on the skin of the treated rat. Our results are in good agreement with other studies, for example, Lu. et al. [21] , who showed enhanced wound healing process of 70PVA-30CS mats containing 4 wt% graphene sheets in rabbit. It should be noted that we employed highly concentrated CS polymer (70%) to prepare the skin grafts and cross-liked it with Genipin to attain enhanced stability in biological environment [34] .
Histological studies
The rats were sacrificed and the wounded skin tissue samples were collected for histological examinations on 14 and 21 days. Standard hematoxylin and eosin (H&E) staining of wounds were applied on the fixed removed wounds. The photomicrographs of histological sections for cutting wounds which are treated with electrospun wound dresses are shown in Fig. 7 . The criteria for evaluation pathological scores of wound healing are shown in ESI S3. After 14 days, the formation of dermis tissue at the wound area was almost completed for the control specimen (Fig. 7a) . Although the wound area was covered by dermis, the extension of muscular tissue of dermis zone was not appeared. Herein, epidermis was formed at the margin of wound and stretched toward its middle. On day 21, epithelialization was completed and cornified layer formed at Epidermis. Epidermal papillas were slightly formed but Epidermis was not completely matured. At the dermis zone, formation of dermal contents of skin was not notified as the lower part of muscular tissue had not been formed yet. At the 21st day of recovery, Epithelialization was nearly completed without epidermis maturation. Similar results were observed for the chitosan-based nanofibrous membrane (Fig. 7b) , where epidermal papilla in epidermis zone was observed. Herein, the two edges of intact skin were closer than the control sample; hence, the wound closure process was performed in a faster rate. The formation of hypodermis at the bottom of the dermis was nearly completed. We have thus concluded that the CS-based TSG improves the wound contraction as compared with the gauze dressing material.
The addition of GO nanosheets also affected the wound healing process. As Fig. 7c shows, the graft containing 0.5% GO behaved rather similar to the CS-based mat after 14th day of surgery (Fig. 7c) but wound margins were more closed together after 21 day (Fig. 5c) . Increasing the GO content accelerated the healing process as the epidermis growing to the wound center was noted and the hypodermis was appeared at the bottom of dermis (Fig. 7d) . Epidermis was also thoroughly covered the dermis zone with observation of the cornified layers (Fig. 7c) . A dermal tissue with a uniform platform of full cell were observed as well. At the higher concentration of 1.5% GO, epidermis tissue grow along to the center of the wound corners while the dermis section was thinner than sample with 1% GO (Fig. 7e) .
Complete epithelialization and closing the margin of the wound were observed after 14 days implantation of the CSbased/2% GO mat (Fig. 7f) . As shown in Fig. 4f , l, the wound closured almost completely and the thickness of dermis tissue in the wound area was the same as the healthy area of the skin. Epidermal papillas were also observed while the presence of the muscular tissue at the bottom of dermis tissue highlights an enhanced wound repair. The extension of wound area indicated that the rate of wound closuring between 14th to 21st days was slow.
We concluded the evaluation of the wound healing process by TSG in Table 1 . It was found that by 14th day of post-operation, the healing process was not complete but the graft containing 2% GO exhibited better performance as relative to the others. At this time point, a moderate collagen formation and epithelialization were observed (Fig. 7f) . It is important to note that the early stages of wound healing is critical because of probability of infection and other problems may be caused difficulty for patient [35] . With time progression, an improvement in the healing process was observed, particularly for > 1% GO-containing specimens which healing was almost completed (Fig. 7j-l) . It was also noted that the graft containing 0.5% GO had the most accelerated wound repair between 14 to 21 days. In line with previous studies, it has been shown that fibrous CS-based TSG are promising materials to improve the healing process of acute wounds. In this work, we could successfully prepare concentrated CS-based fibers (>80%) with nanoscale fiber sizes (about 60 nm). This achievement was attained through modifying the viscosity and conductivity of the polymer solution by addicting small amount of PVP, PEO, and GO nanosheets. By decreasing the viscosity and increasing electrical conductivity, the higher charge-carrying capacity of the polymer jet imposes stronger stretching force on less viscos melt resulting in finer fibers [20, 25] . As a results, the pore structure became finer, the permeability is reduced but higher mechanical durability is attained [25] .
In vitro and in vivo evaluations have shown that the wound healing of the fibrous mats are superior to that of the control (sterile gauze sponge). It is well known that CS accelerates wound healing by enhanced reepithelization and regenerated normal skins in open wounds [36] . Moreover, CS caused immediate migration of polymorphonuclear cells (PMN) and mononuclear cells (MN) of skin tissue. These cells degrade CS into its low molecular weight oligomers and monomers, which exhibit strong ability for promoting cell migration [37] . Therefore, one of the main reason of the improved healing response of the fibrous mats are because of CS. Again, it is notable that in our mats the amount of CS is relatively higher than the previous studies, for example [38] . By purpose, we blended PVP with CS in order to increase hydrophilicity of CS through amino and carboxylic groups of PVP [6] that influence cell attachment and thus the wound healing process. Additionally, PVP improves the permeability of CS mats due to ring-form of pyrrolidone that acts as a tunnel to let diffusion of gas through it [6] . The nanofibrous structure of the mats with >70% porosity should also be considered as it provides a high breathability of wound dress which lead to accelerate the wound closuring rate while the improved hydrophilicity enhances cell viability.
It has also shown that GO nanosheets significantly influence the wound healing process of the CS-based mats. Relatively rapid wound healing (14 days) was attained for the mat containing 2% GO. One of the possible wound healing mechanism of GO is the specific molecular arrangement of carbon in six-membered rings, having different electron mobility in comparison with the other materials [13] . Recent studies have also shown that cells are likely attach to the GO-coated surfaces and the graphitic material helps to proliferate the mammalian cells [39] . Although controversial results exist, GO may also provide bactericidal capacity due to electron transfer from the fibrous mat to the cell membrane (due to the potential of the membrane), which damages the DNA structure of microbes membrane preventing multiplication [21] . This antimicrobial mechanism of GO may enhance the rate of wound healing [6, 21] . However, it is imperative to point out that the effect of GO on the wound healing process may also be due to their effect on the size of fibers and their pore structure. As shown elsewhere [25] , the addition of GO sheets refines the fibers and alters the amount of porosity. Although it is difficult to indicate which parameter, i.e. GO nanosheets itself or the modified fibrous structure, is more effective on the healing process, but the experimental results clearly show that TSG containing 1.5% GO possesses higher biological performance.
Conclusions
Fibrous CS/PVP membranes containing GO nanosheets (up to 2%) were synthesized by electrospinning and used as temporary skin grafts. It was shown that concentrated CS solution (70%) could be electrospun by adjusting the viscosity and conductivity without adding organic surfactants and co-solvents. Fibers with sizes ranging from ca. 50 to 200 nm were prepared. In vitro evaluations utilizing human fibroblast cells determined improved cell viability in the presence of GO. In vivo examinations in animal models also determined accelerated wound healing of fibrous mats containing GO. The porous electrospun skin grafts containing 1.5 and 2 wt% GO showed the greatest improvement in wound healing as compared with the control sample (sterile gauze sponge). No scar was found on the treated skin of rat after 14 to 21 days post-operation. The wound healing rate was accelerated by 92%. Therefore, the CS/PVP/GO nanofibrous membranes could be promising materials as temporary skin grafts for wound healing. 
